Abstract. Thermodynamic properties of Mn 3 O 4 , Mn 2 O 3 and MnO 2 are reassessed based on new measurements and selected data from the literature. Data for these oxides are available in most thermodynamics compilations based on older calorimetric measurements on heat capacity and enthalpy of formation, and high-temperature decomposition studies. The older heat capacity measurements did not extend below 50 K. Recent measurements have extended the low temperature limit to 5 K. A reassessment of thermodynamic data was therefore undertaken, supplemented by new measurements on high temperature heat capacity of Mn 3 O 4 and oxygen chemical potential for the oxidation of MnO 1 x , Mn 3 O 4 , and Mn 2 O 3 to their respective higher oxides using an advanced version of solid-state electrochemical cell incorporating a buffer electrode. Because of the high accuracy now achievable with solid-state electrochemical cells, phase-equilibrium calorimetry involving the "third-law" analysis has emerged as a competing tool to solution and combustion calorimetry for determining the standard enthalpy of formation at 298.15 K. The refined thermodynamic data for the oxides are presented in tabular form at regular intervals of temperature.
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4C /. The oxides MnO 1 x , Mn 3 O 4 , Mn 2 O 3 and MnO 2 can be converted from one to another by adjustment of temperature (T / and oxygen partial pressure (P O 2 ). Manganese in oxidation states of 2 C , 3 C , 4 C has interesting applications which encompass systems such as LaMnO 3 -based perovskites and metastable manganese oxides and oxyhydroxides, which are phases encountered in fuel cell, battery, electronic and environmental applications. Thermodynamic properties of binary oxides provide the foundation for measurements and assessments on ternary and higher order oxides.
Thermodynamic properties of manganese oxides and the phase diagram for the system Mn-O were recently assessed by Grundy et al. [1] . An exhaustive compilation of all published data on phase diagram and thermodynamic properties is presented by Grundy et al. They concluded that the Gibbs energy of formation of MnO is known only with large uncertainty (˙5 kJ mol 1 / and this leads to uncertainties in the Gibbs energies of formation of all other oxides since Gibbs energies of higher oxides are based on data for MnO. Subsequently, Gibbs energy of formation of MnO was measured accurately (˙0:25 kJ mol 1 / by Jacob et al. [2] , consistent with earlier measurements of Alcock and Zador [3] . In this communication, we combine the accurate data for MnO with new measurements on oxygen chemical potentials of three biphasic regions in the phase diagram of the system Mn-O and high-temperature heat capacity of Mn 3 O 4 to derive accurate data for Mn 3 O 4 , Mn 2 O 3 and MnO 2 , taking cognizance of other reliable measurements available in the literature including new low temperature heat capacity measurements. For new measurements on oxygen chemical potential, an advanced version of the solid-state cell incorporating a buffer electrode is utilized. Of the four oxides of manganese, only MnO exhibits significant nonstoichiometry at temperatures above 900 K. New experimental data obtained in this study is first presented, followed by reassessment of data for the three higher oxides.
Experimental Work

Materials
Pure MnO 2 (99.999% pure) was obtained from Johnson Matthey Inc. Mn 2 O 3 was prepared by heating MnO 2 in air at 973 K for 20 ks, and Mn 3 O 4 by heating at 1323 K for 20 ks. Formation of the various phases was confirmed by powder XRD.
Differential Scanning Calorimetry (DSC)
Since the high-temperature heat capacity of˛-Mn 3 O 4 has not been reported in the literature, DSC was used to measure this property of under pure argon gas in the temperature range from 350 to 1100 K. The DSC instrument was operated in the step-heating mode to increase accuracy;˛-Al 2 O 3 was used as the reference material. The alumina powder was dehydrated via vacuum treatment at 1200 K. The difference in the heat flux into the sample and the reference material was integrated during heating at a constant rate (2 K=min) over small temperature steps (10 K) with an isothermal dwell time of 15 min. The accuracy of the measured heat capacity is estimated to be 1% (2 ) . (The standard error estimate is denoted as ). XRD analysis of the oxide after the DSC experiments did not indicate any change in structure or lattice parameter.
Oxygen Potential Measurements
The reversible emfs of three solid-state cells were measured as a function of temperature: The cells are written such that the right-hand electrodes are positive. Two experiments were conducted on each cell. Yttria-stabilized zirconia, (Y 2 O 3 ) ZrO 2 , is an oxygen ion conductor with ionic transport number greater than 0.99 at the temperatures and oxygen partial pressures encountered at the electrodes of the three cells [4] . However, the presence of trace hole conduction in the electrolyte gives rise to a small electrochemical flux of oxygen from the reference electrode on the right side to the working electrodes on the left side of each cell [5] . The electrochemical permeability is caused by the coupled transport of oxygen ions and holes in the solid electrolyte under the oxygen potential gradient.
The electrochemical flux of oxygen can polarize the twophase solid electrodes. The chemical potential of oxygen in the micro system near the solid electrode/electrolyte interface can be altered because of the semi-permeability of the electrolyte to oxygen. A buffer electrode, introduced between reference and working electrodes can act as a sink for the oxygen flux and prevent the flux from reaching the working electrode. To be effective, the buffer electrode should be maintained at an oxygen chemical potential close to that of the working electrode. Since there is no significant difference between the chemical potentials of buffer and working electrodes, driving force for transport of oxygen through the zirconia tube separating these electrodes does not exist. The working electrode therefore remains unpolarized. Pure oxygen gas at a pressure of 0.1 MPa, flowing over a platinized surface of zirconia, constitutes the primary reference standard for oxygen chemical potential and forms a non-polarizable electrode. Thus, the three-electrode design of the cell prevents error in emf caused by polarization of the working electrode. Measuring separately the emf between the three electrodes, two at a time, can assess the magnitude of the polarization effect. Transport of oxygen between the electrodes through the gas phase is prevented by physical isolation of the gas phase over the three electrodes.
The cell design used for high-temperature emf measurements on cells 1 and 2 is shown schematically in Figure 1 . It consisted of three distinct compartments, separated by two impervious yttria-stabilized zirconia (YSZ) tubes and a YSZ crucible. An ionic bridge was provided through the buffer electrode. The cell can be represented schematically as follows: 
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The working and reference electrodes were contained inside separate zirconia tubes. The cell emf measured between the working and reference electrodes was determined only by the oxygen chemical potential at these electrodes and was not affected by the gradient of chemical potential through the connecting chain consisting of the solid electrolyte segments including the ionic bridge across the buffer electrode. Construction of the high-temperature galvanic cell was rendered more difficult by the introduction of the buffer electrode. Moreover, in some of the cells used in this study, the partial pressure of oxygen at the working electrode was quite appreciable, especially at the higher temperatures. Therefore, the static sealed design used by Charette and Flengas [6] was found more appropriate than other designs that employ either dynamic vacuum or inert gas flow over the electrodes [4, 7] .
The working electrodes consisted of a mixture of two adjacent manganese oxides in equimolar ratio. The average particle size of the powders used to prepare the working and buffer electrodes was in the range from 2 to 10 μm. The compositions of the buffer electrodes were identical to that of the corresponding working electrodes.
The details of cell assembly and operational procedures used in this study for cells 1 and 2 were identical with those reported elsewhere [8, 9] . The working and buffer electrodes are sealed under vacuum in separate compartments where the equilibrium oxygen partial pressures are established by dissociation of the higher oxide at high temperature. Because of the high dissociation pressure of MnO 2 , cell 3 can be operated only at relatively low temperatures. The high internal resistance associated with the cell design shown in Figure 1 does not permit measurements on cell 3 at relatively lower temperatures. Further, there was some evidence in preliminary experiments of formation of PtO 2 as a dilute solution in MnO 2 . Hence, a different type of apparatus [10, 11] , in which there was no contact between the electrode containing Mn 2 O 3 C MnO 2 and Pt, was used for measurements on cell 3.
A mixture of Mn 2 O 3 and MnO 2 in the molar ratio 1:2 was taken in a zirconia crucible, which was placed inside a narrow quartz tube closed at one end. A long tube of yttriastabilized zirconia, with RuO 2 /Pt electrodes attached to the inside and outside surfaces of the closed end, was used to measure the oxygen potential in the gas phase above the sample. The gap between the outer silica tube and the zirconia tube at the cold end was sealed by Dekhotinsky cement. The silica tube housing the cell assembly was evacuated through a side arm and flame sealed under vacuum. Pure oxygen gas was passed through the inside of the zirconia tube. The cell was suspended inside a vertical furnace. The oxygen molecules generated by the dissociation of MnO 2 to Mn 2 O 3 established the equilibrium oxygen pressure inside the silica tube housing the cell. The time required to establish equilibrium oxygen pressure and hence steady emf was of the order of 1.5 Ms.
Results
High-temperature Heat Capacity of Mn 3 O 4
The high-temperature heat capacity of Mn 3 O 4 obtained in this study using a differential scanning calorimeter (DSC) is shown in Figure 2 as a function of temperature. The results can be expressed by the equation: The reversibility of the cells was tested by microcoulometric titration in forward and reverse directions. Since the emf returned to the same value after essentially infinitesimal successive displacements from equilibrium in opposite directions, reversibility was confirmed. The emf was found to be reproducible on temperature cycling. At the end of each experiment, the electrodes were cooled to room temperature and examined by XRD. There was no detectable change in the phase composition of the electrodes during emf measurement. The reversible emfs of cells 1 and 2 are plotted as a function of temperture in Figures 3 and 4 , repectively. The emf of cell 1 was positive and could be measured in the temperature range from 850 to 1400 K. The magnitude of the polarization effect, assessed by measuring the emf between the buffer electrode and the other two electrodes, varied from 4 to 6 mV for cell 1 depending on temperature. If the buffer electrode was not used the measured emf would have been lower by this amount. The emf of cell 1 exhibited a linear dependence on temperature over the extended temperature range, probably because the expected non-linearity due to C P for the cell reaction is compensated by the variation of nonstoichiometry of MnO 1 x with temperature.
The emf of cell 2 exhibited irreversibility below 900 K and became negative at temperatures over 1247 K, indicating that the oxygen pressure over the measuring electrode exceeded atmospheric pressure. Hence, meaurements on cell were restricted in the range from 900 to 1250 K. The polarization effect was of the order on 1 mV for cell 2. By statistical analysis a mild non-linearity was detected in the variation of emf of cell 2 with temperature, although this is not apparent in the scale of 
The reversible emf of cell 3 could be measured only at one temperature, 773 K. At lower temperatures the emf was not reversible on micro-coulometric titration of oxygen through the cell in opposite directions. At 773 K the cell emf was reversible but significantly negative ( 20:4 mV) indicating that the decomposition pressure of MnO 2 to Mn 2 O 3 is significantly above atmospheric. Beacuse of the danger of explosion, experiments were not attempted at higher temperatures.
From the emf of cell 1, the oxygen chemical potential corresponding to the biphasic equilibrium between nonstoichiometric MnO and essentially stoichiometric Mn 3 O 4 can be calculated in the temperature range from 850 to 1400 K. For the reaction:
From the emf of cell 2, the oxygen chemical potential for the biphasic equilibrium involving Mn 3 O 4 and Mn 2 O 3 and standard Gibbs energy change for the reaction,
are obtained in the temperature range from 900 to 1250 K. The emf of cell 3 was obtained only at 773 K. From the value of emf, 20:4 .˙0:6/ mV, the oxygen potential for the oxidation of Mn 2 O 3 to MnO 2 and the standard Gibbs energy change for the reaction,
The measured oxygen chemical potentials and Gibbs energy changes for oxidation reactions will be discussed in comparison with some of the values reported in the literature in the following section on assessment of thermodynamic data. Figure 5 , are the low temperature heat capacity reported by Robie and Hemingway [13] and Chhor et al. [14] in the transition region. Above 50 K there is good general agreement between these two sets of measurement. However, minor discrepancies can be observed at lower temperature. The shoulder on the ascending side of the heat capacity peak at 40.1 K found by Robie and Hemingway [13] was not confirmed by Chhor et al. [14] . The maximum measured C [14] . Robie and Hemingway [13] did not assess the entropy associated with the transition. The entropy was estimated by Chhor et al. [14] by interpolating the base line C 0 P variation between 10 and 50 K and integrating .C Ex P =T /d T in this range. The molar entropy of Mn 3 O 4 associated with magnetic transition was assessed as 11.5 J K 1 mol 1 [14] . The data of Robie and Hemingway [13] was analyzed by Chhor et al. [14] to generate the entropy of magnetic transition as 8.5 J K 1 mol 1 . The two recent measurements of low-temperature heat capacity of˛-Mn 3 O 4 [13, 14] are of equal caliber and it is difficult to differentiate between the two. Hence, an av- Table 4 along with other data assessed in this study.
Third-law Analysis
The third-law of thermodynamics provides a better method for deriving the enthalpy of formation from measurement of the corresponding Gibbs energy of formation measured at high temperatures than the second-law method. It allows the calculation of the formation enthalpy from each data point. If the same value is obtained for enthalpy of formation at a reference temperature from Gibbs energy of formation at different temperatures, then internal consistency of all the data used in the analysis is confirmed. The third-law method is based on knowledge of the absolute entropy of the reactants and products based on low-temperature heat capacity measurements and the third law. The third-law analysis of the high-temperature data on Gibbs energy of formation is based on the equation, Table 2 . From the activity of Mn and oxygen potential at the oxygen-rich boundary, activity of MnO can be computed using accurately known value of Gibbs energy of formation of MnO [2] For the reaction, 
Since Mn 3 O 4 is essentially stoichiometric, its activity is taken as unity. The calculated Gibbs energy changes for reaction (12) are also listed in There are numerous measurements on the oxygen potential corresponding to the oxidation of Mn 1 x O to Mn 3 O 4 using a variety of techniques with lesser accuracy. Since most of these have been discussed and analyzed at length by Grundy et al. [1] , the discussion will not be repeated here. However, two among the better data sets are analyzed to show trends: data from Charette and Flengas [6] , and Schaefer [18] . The results of the third-law analysis of their results are also displayed in Figure 6 . The trend in their results is similar to that seen with the data obtained in this study [20, 21] , assessments [1] or compilations [22] [23] [24] . Assessment of Grundy et al. [1] uses both thermodynamic and phase diagram inputs based on Thermo-Calc database and PARROT computational software. A heavy reliance on phase diagram information and the use of a physically unrealistic model for the liquid solution, slightly distorts the assessment of thermodynamic data. Combustion calorimetric value of Siemonsen [20] for enthalpy of formation is significantly more negative than information from all other sources. This old value can now be discarded. Because of the high accuracy now achievable with solid-state electrochemical cells, phase-equilibrium calorimetry involving the "third-law" analysis has emerged as a competing tool to solution and combustion calorimetry for determining the standard enthalpy of formation of oxides at 298. 15 Table 4 supersede those available in earlier compilations [22] [23] [24] and a more recent assessment [1] . There are no data for manganese oxides in JANAF thermochemical tables [17] . anti-ferromagnetic to paramagnetic transition was seen at 79.45 K. A broad change in heat capacity was also observed at 307.5 K, which was attributed to orthorhombic to cubic transition. The transition was continuous, with no enthalpy of transition. Robie and Hemingway [13] in the temperature range from 397 to 1351 K by drop calorimetry. Heat capacity at 298.15 K derived from this high temperature data do not agree with that obtained from low-temperature measurements, probably because of the broad hump in heat capacity at 307.5 K. To overcome this difficulty, Robie and Hemingway [13] 
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This equation joins smoothly with the heat capacity measurements of Robie and Hemingway [13] . Graphically integrating C Results of third-law analysis of free energy data for reaction (6) is presented in Figure 8 . The results from three sets of high temperature data are reasonably concordant. However, data of Charette and Flengas [6] and Schaefer [18] shows systematic increase in the derived value of r.6/ H metric measurements [20] , assessment [1] or compilations [22] [23] [24] . As in the case of Mn 3 O 4 combustion calorimetric value of Siemonsen [20] for enthalpy of formation is significantly more negative than that obtained in this study. Based on the basic thermodynamic data for Mn 2 O 3 selected in this study, a table of refined data for Mn 2 O 3 is prepared (Table 6 ). Thermodynamic properties are listed at regular intervals of temperature and at temperatures of all phase transitions. Values given in Table 6 supersede those available in earlier compilations [22] [23] [24] and more recent assessment [1] .
Enthalpy of formation of Mn
MnO 2 (Pyrolusite)
There are several modifications of MnO 2 . However, they are all metastable relative to the rutile form (space group P 4 2 /mnm). Figure 9 , are the low temperature heat capacity reported by Millar [12] , Kelly and Moore [27] and Robie and Hemingway [13] . There is good general agreement between the different measurements. In the temperature range of 107 to 294 K heat capacity reported by Millar [12] is slightly higher than those of Kelly and Moore [27] and Robie and Hemingway [13] . The transition from anti-ferromagnetic to paramagnetic state occurs at Neel temperature T N = 92.2 K. for MnO 2 between 406 and 778 K from Moore [28] . They fitted the combined data with a polynomial and then differentiated the expression to obtain the heat capacity in the temperature range from 298.15 to 850 K. Figure 10 , are values of the Gibbs energy change for reaction (8) reported by Klingsberg and Roy [29] and Otto [30] with that obtained in this study at 773 K There is inconsistency in the data presented in Figure 1 and Table VI of Klingsberg and Roy [29] at lower temperatures. Since the data in the figure are more extensive, they are plotted in Figure 10 At low temperatures, Gibbs energies for the reaction reported by two groups [29, 30] Comparison of low-temperature heat capacity of MnO 2 reported by Millar [12] , Kelly and Moore [27] , and Robie and Hemingway [13] . [29] , and Otto [30] with the result obtained this study.
nificantly but at higher temperatures they converge. In this study Gibbs energy change for the reaction was measured at 773 K, which is significantly more negative than the data of Klingsberg and Roy [29] , but close to that of Otto [30] . The enthalpy change for reaction (8) [19] . In view of the large uncertainties associated with their values and concerns regarding the completion of reduction/oxidation reaction, the calorimetric measurements of Fritsch and Navrotsky [19] Table 7 . The literature values are taken from calorimetric measurements [20, 21] , assessment [1] or compilations [22] [23] [24] . The value from combustion calorimetry of Siemonsen [20] is again more negative than values obtained by others. The result computed in this study by the "thirdlaw" method agrees well with solution calorimetric value of Shomate [21] . Based on the basic thermodynamic data for Mn 2 O 3 evaluated in this study, a table of refined data for MnO 2 is prepared Table 8 . Thermodynamic properties are listed at regular intervals of temperature and at temperatures of all phase transitions. As shown in Figure 10 , the reassessed Gibbs free energy change for reaction (8) based on Tables 6 and 8 agrees well the measurements of Otto [30] . Values for MnO 2 given in this Table 8 supersede those available in earlier compilations [22] [23] [24] and a more recent assessment [1] .
Conclusions
Since accurate thermodynamic data on higher oxides of manganese are required in metallurgy, ceramics and geology, they have been reassessed based on new measurements and critically selected information from the literature. The availability of accurate low-temperature heat capacity data [13, 14] allows precise definition of entropy. The entropy values are combined with new high-precision measurements on the chemical potential of oxygen in different biphasic regions of the system Mn-O using a sophisticated version of solid-state electrochemical cell, to generate accurate information on enthalpies of formation by applying the "third-law" method. This procedure, which may be called "phase-equilibrium calorimetry", now competes with direct calorimetry for determination of enthalpies of formation of oxides. Refined thermodynamic data for the three higher oxides of manganese, Mn 
